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ABSTRACT 

Coal -der ived  minera l  mat te r ,  ob ta ined by low-temperature ash ing  o f  
Kentucky No. 11 coa l ,  as w e l l  as minera l -g rade samples o f  quar tz ,  
i l l i t e ,  k a o l i n i t e ,  and p y r i t e ,  were t r e a t e d  w i t h  va r ious  r a t i o s  o f  
mo l ten  c a u s t i c  (NaOH, KOH, and 1:l NaOH-KOH m i x t u r e s )  a t  3 7 0 Y  f o r  1-2 
hours t o  study the  na tu re  o f  r e a c t i o n  produc ts  ob ta ined  under t h e  
c o n d i t i o n s  o f  chemical c lean ing  o f  coa l  by the  mol ten  c a u s t i c  l e a c h i n g  
(MCL) process. 
m ine ra l s  w i t h  c a u s t i c  were very rap id ,  he ing  complete i n  less t han  10 
minutes.  The r e a c t i o n  produc ts  were cha rac te r i zed  hy x - ray  
d i f f r a c t i o n ,  thermograv imet r ic  ana lys i s ,  atomic ahso rp t i on  
spectrophotometry,  and chemical ana lys i s .  The na tu re  of these p roduc ts  
was r e l a t e d  t o  t h e  s to i ch iomet ry  o f  t h e  r e a c t i o n  and was u s e f u l  i n  
e x p l a i n i n g  t h e  process chemis t ry  and i n  deve lop ing  regenera t i on  schemes 
f o r  t h e  spent caus t i c .  

I NTROOUCT ION 

Under these c o n d i t i o n s ,  most o f  t h e  reac t i ons  of  

The r e a c t i o n  o f  p y r i t e  and coa l  w i t h  mo l ten  c a u s t i c  has been 
s t u d i e d  f i r s t  by Masc ian ton io  (1) and then by Meyers and Har t  ( 2 )  as a 
p o t e n t i a l  bas i s  f o r  t h e  chemical c lean ing  o f  coa l .  It became r a p i d l y  
obvious t h a t  mo l ten  c a u s t i c  l e a c h i n g  (MCL) i s  o f  u n p a r a l l e l l e d  
e f fec t i veness  f o r  removing s u l f u r  and ash-forming m ine ra l s  from coa l ,  
l e a d i n g  t o  t h e  development o f  t he  Grav ime l t  Process by TRW (3-7). 
process has been shown t o  he e s p e c i a l l y  e f f e c t i v e  f o r  t h e  removal o f  
o rgan ic  s u l f u r  (7-9).  

t o  he regenerated f o r  recyc l i ng .  And t o  propose and t e s t  r e a c t i o n s  f o r  
t h e  regenera t i on  o f  caus t i c ,  t h e  na tu re  o f  t h e  r e a c t i o n  produc ts  
a n t i c i p a t e d  i n  t h e  spent c a u s t i c  needs t o  be known. Thus, i t  i s  
impor tan t  t o  s tudy  the  reac t i ons  o f  ash-forming minera ls ,  p resent  i n  
coa l ,  w i t h  mo l ten  c a u s t i c  under c o n d i t i o n s  s i m i l a r  t o  those  o f  t h e  MCL 
process. We have undertaken such a s tudy  u s i n g  quar tz ,  k a o l i n i t e ,  
i l l i t e ,  and p y r i t e  as t h e  major m ine ra l s  found i n  coa l  and t e s t i n g  
coa l -de r i ved  m ine ra l  ma t te r  i n  t h e  fo rm o f  a low tempera ture  ash. 

The 

However, t o  make t h i s  process economical, spent c a u s t i c  w i l l  have 

EXPERIMENTAL 

M a t e r i a l s  
Quar t z  ( S t .  Pe ters  sand); k a o l i n i t e  (A1 S i  0 (OH),) f rom Twiggs 

Company, Georgia; i l l i t e  (KRl,[Si,A1O,,(OH) 3, 852 pure, f rom Ward's 
Na tu ra l  Science Es tab l i shment ,  Inc.; and p y h t e ,  bo th  minera l -g rade and 
coa l -der ived ,  were used i n  t h i s  study. 
of  a Kentucky No. 11 coa l  was prepared by us ing  s tandard  procedures.  
Reagent-grade NaOH and KOH were powdered f o r  easy mix ing .  

The low tempera ture  ash (LTA) 

Because of  
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i t s  h i g h e r  m o i s t u r e  conten t ,  t h e  KOH was d r i e d  by h e a t i n g  above 410°C 
f o r  seve ra l  hours. The powdered NaOH and heated  KOH conta ined 3% and 
7% moisture,  r e s p e c t i v e l y ,  as de termined by t i t r i m e t r i c  assay o r  TGA. 

Procedures and Analyses 

NaOH, KOH, o r  a 1:l NaOH + KOH m i x t u r e  u s i n g  c a u s t i c - t o - q u a r t z  mole 
r a t i o s  o f  2:1,  4:1, 6:1, and 8:1. 
k a o l i n i t e  and i l l i t e  were mixed w i t h  a p p r o p r i a t e  amounts of t h e  above 
c a u s t i c s  t o  o b t a i n  c a u s t i c - t o - c l a y  mole r a t i o s  o f  5:1, 10:1, 15:1, and 
20:l. The m ix tu res  o f  c a u s t i c  and m ine ra l s  were heated i n  an Incone l  
c r u c i b l e  a t  370°C f o r  2 hours  under a s low purge o f  helium. 
r e a c t i o n  produc ts  were removed f rom t h e  c r u c i b l e  w h i l e  h o t  and t h e n  
t r a n s f e r r e d  t o  a g l o v e  box f o r  coo l i ng .  
powdered i n  an i n e r t  atmosphere o f  a g love  box, and t h e  powders were 
analyzed hy x - ray  d i f f r a c t i o n  (XRD) w i t h  a P i c k e r  x-ray d i f f r a c t o m e t e r  
us ing  Mo K, r a d i a t i o n .  
mo is tu re  d u r i n g  t h e  a n a l y s i s  hy pu rg ing  t h e  sample ho lde r  w i t h  
n i t rogen .  

washed w i t h  methanol t o  remove excess caus t i c .  The res idues  were t h e n  
d i s s o l v e d  i n  water  and analyzed f o r  Na and K by i o n  chromatography 
( I C ) .  
f r a c t i o n s  i n  t h e  r e a c t i o n  produc ts  as a f u n c t i o n  of caus t i c - to -quar t z  
mole r a t i o  i n  t h e  o r i g i n a l  m ix tu re .  

I n  a d d i t i o n ,  t h e  r e a c t i o n s  o f  qua r t z ,  k a o l i n i t e ,  i l l i t e ,  p y r i t e ,  

Exper iments were performed by m i x i n g  1.5 g o f  qua r t z  w i t h  powdered 

S i m i l a r l y ,  2 t o  3 g each o f  

The 

The r e a c t i o n  m i x t u r e  was 

A l l  t h e  t ime, t h e  samples were p r o t e c t e d  f rom 

Products f rom t h e  r e a c t i o n  o f  q u a r t z  w i t h  1:l NaOH + KOH were a l s o  

These da ta  were used t o  c a l c u l a t e  t h e  Na,Si03 and K,SiO, mole 

and t h e  low tempera ture  coa l  ash w i th  NaOH, KOH, o r  1:l NaOH + KOH 
mix tu res  were s t u d i e d  by the rmograv ime t r i c  a n a l y s i s  (TGA) u s i n g  a 
DuPont 951 Thermograv imet r ic  Analyzer.  The samples were prepared by 
m ix ing  t h e  a p p r o p r i a t e  amount o f  c a u s t i c  w i t h  minera l  ma t te r  o r  coa l  
ash t o  ach ieve  t h e  d e s i r e d  caus t i c - to -m ine ra l  mole r a t i o  (6 : l  f o r  
qua r t z ,  20 : l  f o r  k a o l i n i t e  and i l l i t e ,  10:1 f o r  p y r i t e ,  and 2 : l  
f o r  t h e  LTA). Fo r  a t y p i c a l  TGA exper iment,  30-50 mg o f  t h e  sample 
m ix tu re  (minera l  p l u s  c a u s t i c )  was t r a n s f e r r e d  t o  t h e  TGA pan and 
heated con t inuous ly  , o r  i s o t h e r m a l l y  a t  37O"C, under a n i t r o g e n  purge 
(50 mL/min.). The r e a c t i o n  produc ts  were subsequent ly washed w i t h  
methanol o r  water,  and t h e  washed p roduc ts  were analyzed by chemical  
methods and by XRD. 

RESULTS AND DISCUSSION 

React ions o f  C a u s t i c  w i t h  Quar t z  
An x-ray d i f f r a c t i o n  p a t t e r n  o f  t h e  r e a c t i o n  p roduc t  ob ta ined  by 

hea t inq  a 2 : l  NaOH-to-auartz m i x t u r e  a t  370°C f o r  2 hours i s  shown i n  . . _ _  

Figure-1 .  
(Na S i0  ). A smal l  amount o f  unreac ted  q u a r t z  was a l s o  present .  A t  
h i g k e r  ?4aOH-to-quartz r a t i o s ,  t h e  r e a c t i o n  p roduc t  was mos t l y  sodium 
o r t h o s i l i c a t e ,  Na S i 0  
shown i n  F i g u r e  2). 
NaOH-to-quartz mole r a t i o s .  
f o l l o w i n g  equat ions :  

The main p roduc t  has been i d e n t i f i e d - a s  sodium m e t a s i l i c a t e  

(a r e p r e s e n t a t i v e  XRD p a t t e r n  o f  t h i s  p roduc t  i s  

The r e a c t i o n s  can be descr ibed by t h e  
h l s o ,  unreac ted  NaOH was present  a t  t h e  h i g h e r  

19 



SiO, + 2 NaOH 370°C. Na,Si03 + H,O+ (Eq. 1) 

(Eq. 2 )  SiO, + 6 NaOH 3700c, Na,SiO, + 2 NaOH + 2 H,O+ 

where 2 o r  4 moles o f  NaOH r e a c t  w i th  1 mole o f  qua r t z  t o  fo rm Na,SiO, 
o r  Na,SiO,, r e s p e c t i v e l y ,  and water  i s  a l s o  one o f  t h e  produc ts .  The 
produc ts  a r e  c o n s i s t e n t  w i t h  t h e  e q u i l i b r i u m  diagram o f  t h e  Na,O - SiO, 
system which shows t h e  fo rma t ion  o f  Na SiO, and Na,SiO, w i t h  a r i c h e r  
Na,O conten t  i n  t h e  r e a c t i o n  m i x t u r e  ($0). Al though Kautz e t  a l .  (11) 
have found Na,SiO, and Na,Si,O, as p roduc ts  i n  t h e  NaOH - Na2Si0, - 
SiO, r e a c t i o n  system, t h e  absence o f  Na,Si,O, i n  ou r  s tudy  i s  p r o b a b l y '  
due t o  ou r  lower temperature.  

When KOH was used as t h e  c a u s t i c ,  po tass ium m e t a s i l i c a t e ,  K,SiO,, 
was t h e  main r e a c t i o n  produc t  a t  a l l  KOH-to-quartz mole r a t i o s .  
rep resen ta t i ve  XRD p a t t e r n  o f  t h e  r e a c t i o n  produc t  ob ta ined  a t  t h e  6:l 
KOH-to-quartz r a t i o  i s  shown i n  F i g u r e  3. 
by t h e  f o l l o w i n g  equat ion ,  i n  which o n l y  2 moles of KOH a r e  used f o r  
each mole o f  q u a r t z  t o  r e s u l t  i n  K,SiO,, water,  and unreac ted  KOH: 

A 

Th is  r e a c t i o n  can be shown 

SiO, + 6 KOH 37ooc. K,SiO, + 4 KOH + H,O+ (Eq. 3 )  

The o t h e r  p o t e n t i a l  p roduc t ,  po tass ium o r t h o s i l i c a t e  (K,SiO,), was n o t  
found. It i s  a l s o  n o t  l i s t e d  i n  t h e  powder d i f f r a c t i o n  f i l e .  

quar tz ,  t h e  produc ts  were a m i x t u r e  o f  on l y  Na,SiO, and K,SiO,. 
S u r p r i s i n g l y ,  no Na,SiO, was found  i n  t h e  r e a c t i o n  produc ts  when b o t h  
NaOH and KOH were present ,  even a t  h i g h e r  c a u s t i c - t o - q u a r t z  r a t i o s .  
Thus, 2 moles o f  t h e  mixed c a u s t i c  were always used up i n  t h e  r e a c t i o n  
f o r  each mole o f  quar tz .  

From t h e  I C  r e s u l t s  f o r  Na and K, ob ta ined  d u r i n g  t h e  a n a l y s i s  o f  
t h e  r e a c t i o n  produc ts  f rom t r e a t i n g  q u a r t z  w i th  va r ious  amounts o f  t h e  
1:l NaOH + KOH mix tu res ,  t h e  r e l a t i v e  amounts o f  Na,SiO, and K,SiO, 
were ca l cu la ted .  
K SiO,, r e s p e c t i v e l y ,  a re  shown i n  F i g u r e  4 as a f u n c t i o n  o f  t h e  amount 03 caus t i c .  As can be seen, t h e  r a t i o  o f  Na,SfO t o  K,SiO inc reased 
w i t h  i n c r e a s i n g  caus t i c - to -quar t z  mole r a t i o ,  i n d i c a t i n g  tGa t  under 
these c o n d i t i o n s  q u a r t z  forms p r e f e r e n t i a l l y  NaZSiO,. 
r e s u l t  has i m p l i c a t i o n s  f o r  chemical  coa l  c l e a n i n g  by MCL, s i n c e  t h e  
spent c a u s t i c  w i l l  be en r i ched  i n  KOH, thus  r e q u i r i n g  l e s s  makeup KOH 
t o  m a i n t a i n  t h e  1:l NaOH-KOH r a t i o  i n  t h e  mixed c a u s t i c  used f o r  
leaching. 

React ions o f  Caus t i c  w i t h  Clays 

fo rm NaA10, and Na,SiO, a t  a l l  NaOH-to-clay m ine ra l  r a t i o s ,  i.e., 5:1, 
l O : l ,  15:1, and 20:l. A r e p r e s e n t a t i v e  XRO p a t t e r n  o f  t h e  NaOH- 
k a o l i n i t e  r e a c t i o n  p roduc t  a t  t h e  20:1 r a t i o  i s  p resented  i n  F i g u r e  5. 
Unreacted k a o l i n i t e ,  o r  i l l i t e ,  was observed i n  t h e  produc t  when 
r e a c t i o n  m ix tu re  conta ined 5:l NaOH-to-clay r a t i o ,  and unreac ted  NaOH 
was found a t  15:l and 20:l NaOH-to-clay r a t i o s .  

When t h e  1:l NaOH + KOH m i x t u r e  was employed i n  t h e  r e a c t i o n s  w i t h  

The da ta  f o r  Na and K, conver ted  t o  Na,Si03 and 

Th is  un foreseen 

The c l a y  m ine ra l s  k a o l i n i t e  and i l l i t e  reac ted  w i t h  mo l ten  NaOH t o  
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The r e a c t i o n s  o f  excess NaOH w i t h  k a o l i n i t e  and w i t h  i l l i t e  can be 
shown by equat ions  4 and 5 ,  r e s p e c t i v e l y :  

A1,Si,05(0H), + 20 NaOH 37ooc. 2 NaAlO, + 2 Na,SiO, + 14 NaOH 
+ 5 H,Ot (Eq- 4) 

KA1,[Si,AIO,o(OH),I + 20 NaOH 3700c+ 3 NaAIO, + 3 Na,Si03 + 11 NaOH 
+ 5 H,O (Eq. 5)  

S i m i l a r l y ,  k a o l i n i t e  and i l l i t e  reac ted  w i t h  mo l ten  KOH t o  f o r m  
t h e  analogous p roduc ts  KAlO, and K,SiO, a t  a l l  c a u s t i c - t o - c l a y  r a t i o s .  
A rep resen ta t i ve  XRD p a t t e r n  o f  t h e  produc ts  o f  t h e  K O H - i l l i t e  r e a c t i o n  
a t  a 2O:l KOH-to-clay r a t i o  i s  shown i n  F i g u r e  6. 

React ions o f  C a u s t i c  w i th  P y r i t e  and LTA 

C h i o t t i  and Markuszewski (12).  They have proposed equa t ion  6 under 
reduc ing  and equa t ion  7 under non-reducing c o n d i t i o n s :  

The r e a c t i o n  o f  p y r i t e  w i t h  mo l ten  NaOH has been s t u d i e d  by 

2 FeS, + 11 NaOH + 1 / 2  C - 4 Na S + 2 NaFeO, + 1 /2  Na,CO, 
+ 5 !/2 H,O (Eq. 6 )  

FeS, + 5 NaOH _+ 1 5/6 Na,S + 1/6 Na,SO, + 2 1 /2  H,O 

I n  both cases, Na,S and NaFeO, were t h e  main r e a c t i o n  produc ts ,  and 
approx imate ly  5 moles o f  NaOH were used f o r  t h e  r e a c t i o n  w i th  1 mole o f  
p y r i t e .  

The m ine ra l  m a t t e r  i n  t h e  low tempera ture  ash (LTA) o f  coa l  i s  
composed mos t l y  o f  qua r t z ,  p y r i t e ,  and c l a y  m ine ra l s .  Therefore, t h e  
a n t i c i p a t e d  p roduc ts  f rom molten c a u s t i c  r e a c t i o n  w i t h  low tempera ture  
ash are Na S i 0  , NaAlO,, Na,S, and NaFeO,, and t h e  analogous potassium 
s a l t s  K,Si8,, dAlO,, K,S, and KFeO,. 
however, s i n c e  t h e  amount o f  LTA sample was t o o  smal l .  

(Eq. 7) 

No XRD p a t t e r n s  were ob ta ined,  

TGA Stud ies  

r e a c t i o n  o f  q u a r t z  w i t h  caus t i c ,  t h e  TGA i n  F i g u r e  7 shows an i n c i p i e n t  
r e a c t i o n  a t  about 240°C, a more v igo rous  r e a c t i o n  a t  310°C, and 
comple t ion  a t  340°C. 
o t h e r  m ine ra l s  were comparable. The i so the rma l  p l o t  (wt .  % vs. t i m e )  
a t  370'C i n d i c a t e d  t h a t  t h e  r e a c t i o n  a t  t h i s  tempera ture  was very f a s t  
and was completed i n  l e s s  than 10 minutes. The amount o f  we igh t  loss ,  
due t o  water  evo lved  in t h i s  reac t i on ,  a l s o  suppor t s  t h e  fo rmat ion  o f  
Na,SiO, and K,SiO, as t h e  main produc ts  o f  r e a c t i o n s  w i t h  NaOH and wi th 
KOH, r e s p e c t i v e l y ,  a t  6 : l  caus t i c - to -quar t z  r a t i o s .  

The m i n e r a l - c a u s t i c  r e a c t i o n s  were a l s o  s t u d i e d  by TGA. Fo r  t h e  

The TGA curves f o r  t h e  c a u s t i c  r e a c t i o n s  w i t h  

F igu re  7 shows t h e  i so the rma l  TGA p l o t s  o f  t h e  r e a c t i o n s  o f  .NaOH 

Both r e a c t i o n s  were a l s o  very  f a s t  and were completed w i t h i n  
w i t h  low tempera ture  ash (Kentucky No. 11 c o a l )  and w i t h  minera l -g rade 
p y r i t e .  
10 minutes. 
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S i m i l a r l y ,  t h e  c l a y  m ine ra l s  k a o l i n i t e  and i l l i t e  and a c o a l -  
d e r i v e d  p y r i t e  reac ted  very f a s t  w i th  mol ten  NaOH. 
r e a c t i o n s  were completed i n  l e s s  than  10 minutes. 
were ob ta ined  u s i n g  KOH and t h e  1:1 NaOH + KOH m i x t u r e  as t h e  c a u s t i c .  

Again, t h e  
Comparable r e s u l t s  

CONCLUSIONS 

This s tudy  shows t h a t  coa l  m ine ra l  m a t t e r  can r e a c t  w i th  fused  o r  
mo l ten  c a u s t i c  a t  370°C i n  a much s h o r t e r  t i m e  o f  h e a t i n g  than  t h a t  
commonly used i n  t h e  MCL process f o r  chemical  c l e a n i n g  o f  coa l .  
r e a c t i o n  produc ts  a r e  mos t l y  Na SiO,, NaAlO , Na S and NaFeO? p l u s  t h e  
analogous potassium compounds wien a 1:l Na6H + i O H  m i x t u r e  i s  employed 
as t h e  mol ten  caus t i c .  It i s ,  t h e r e f o r e ,  p o s s i b l e  t o  c a l c u l a t e  t h e  
amount o f  c a u s t i c  t h a t  w i l l  be used up i n  r e a c t i o n s  w i t h  m ine ra l  m a t t e r  
i n  a p a r t i c u l a r  coa l .  

i n s o l u b l e  complex a l u m i n o s i l i c a t e s  when p resen t  together .  
i n s o l u b l e  a l u m i n o s i l i c a t e s  a re  expected t o  fo rm d u r i n g  t h e  
coun te rcu r ren t  washing w i t h  water,  and t h e y  w i l l  p robab ly  s t a y  w i t h  t h e  
coa l  and t h e  sodium carbonate (13).  Fo r tuna te l y ,  t hese  a re  s o l u b l e  i n  
a c i d  (aqueous H,SO, o r  HC1) and, t h e r e f o r e ,  can be removed d u r i n g  t h e  
subsequent acid-washing step. So lub le  s i l i c a t e s  cou ld  then be removed 
f rom t h e  waste streams by l i m i n g  t o  f o r m  t h e  i n s o l u b l e  ca l c ium 
s i  1 i cate.  

The 

These r e a c t i o n  produc ts  a r e  water -so lub le ,  bu t  t hey  can form 
Such 
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Figure 3. Typical XRD pattern for products from 

the reaction of Si02 with excess KOH. 

Figure 4. Mole fraction of NazSiO3 and K2Si03 in the 
product from the reaction of caustic with quartz. 

25 



0 0 
00 00 0 % 4 % % 

0 00 0 

7 2 
I I I I 

0 0 0 0 0 0 
00 0 % % % 5s 0 

0 
M 

0 cu 

0 
7 

0 

0 
M 

0 cu 

0 
.- 

0 

Q 
I- 
W 
I 
I- 

I- 

4 
I- 
W 
I 
I- 

P 
I- 

y1 

al 
1 M 

Lr 
.d 

26 



Figure 7. TGA results for the reaction of quartz with NaOH 

MINERAL PYRITE + NaOH 
/ 
\ 

LTA + NaOH 
8 4.. 

1 .  

Figure 8. Isothermal TGA curves for the reaction of NaOH with 
mineral-grade pyrite and a low-temperature coal ash. 1 27 


